The performances of nanothermites largely rely on a meticulous design of nanoarchitectures and the close assembly of components. Three-dimensionally ordered macroporous (3DOM) NiO/Al nanothermite film has been successfully fabricated by integrating colloidal crystal template (CCT) method and controllable magnetron sputtering. The as-prepared NiO/Al film shows uniform structure and homogeneous dispersity, with greatly improved interfacial contact between fuel and oxidizer at the nanoscale. The total heat output of 3DOM NiO/Al nanothermite has reached 2461.27 J·g −1 at optimal deposition time of 20 min, which is significantly more than the values of other NiO/Al structural systems that have been reported before. Intrinsic reduced ignition temperature (onset temperature) and less gas production render the wide applications of 3DOM NiO/Al nanothermite. Moreover, 2 this design strategy can also be readily generalized to realize diverse 3DOM structured nanothermites.
Introduction
Thermites are a class of energetic materials that compose of metal fuel (e.g. Al, Mg) and oxidizer (e.g. CuO, Fe2O3, MoO3, NiO, Co3O4) [1] [2] [3] . Their intrinsic feature is to release heat, gas, and power rapidly upon the stimulus of thermal, electrical or optical actuation. Over the last decades, it has been demonstrated that thermites prepared in nanoscale are shown to be efficient in increasing heat release, reducing ignition delay and enhancing mechanical properties compared to their bulk or macro counterparts [4] [5] [6] [7] [8] [9] . In addition, their properties can be tuned by controlling interface contact and optimum molar ratio of the two components [10] . Nanothermites have been applied in broad fields, such as microelectro-mechanical system (MEMS) [2, 11] , thermal batteries, gas generators [12] [13] [14] , and microthrusters [15, 16] . In some particular applications, for example microinitiators, little component vibration and short flow disturbance are required [17, 18] . Therefore, it is desirable to generate high heat output but little gas releasing from thermite reaction.
The gas generated by thermite reaction is mainly composed of the vapors of metals, the elemental oxygen from the oxidizer and other gaseous reaction products [19] .
The quantity of gas produced in a particular reaction of composites depends on the thermodynamic properties of the reaction itself and the physical properties of the 3 reaction products [20] . If the reaction releases sufficient amount of heat to vaporize the intermediates and products, the gas released is to be enhanced. In numerous metal-oxide/Al thermites, the NiO/Al thermite exhibits excellent merit in terms of gas generation. Theoretically, the gas product from the NiO/Al thermite is 10 -4 mol·g -1 , which is only 7.7% of those from Fe2O3/Al system and 2.0% from CuO/Al system [17] . Moreover, NiO/Al possesses a lower onset temperature than Fe2O3/Al [21] and CuO/Al [22, 23] , which is a valuable advantage to reduce ignition delay. Therefore, it is important to carry out intense investigations on the NiO/Al thermite system.
Recently, there were some investigations on the preparation and properties of NiO/Al nanothermite [18, 19, 22] . In the literature, the composite of Al nanoparticles (Al-NPs) and NiO nanowires have been synthesized through ultrasonic mixing method, and the influence of NiO mass ratio over Al-NPs are widely discussed [19] .
In this approach, owing to core-shell nanowires structure, the activation energy and onset temperature are reduced effectively. However the mixing homogeneity and effective contact area of NiO/Al composite are limited. These disadvantages lead to a relatively low energy output, 1000 J·g -1 , only 29% of the theoretical reaction heat from the NiO/Al system. In the work published by Zhang et al [18] , the energy release is still low from nano-NiO/Al thermite film fabricated by electrophoretic deposition with controllable film thickness. This is induced by some inevitable impurities from the dispersion system. The study on a two-dimensional NiO/Al nano energetic material synthesized on a silicon substrate is another approach. The NiO nano honeycomb is produced by thermal oxidation of a Ni thin film and Al is directly 4 deposited via thermal evaporation [22] . This approach favors reducing ignition temperature, increasing interfacial contact area and compatibility with microsystems.
However, the interspace among the NiO nano honeycomb is restricted, and Al deposited by thermal evaporation is insufficient, which is verified by the NiO peaks presented in the X-ray diffraction (XRD) pattern recorded after differential thermal analysis testing. Hence, new feasible fabrication methods are needed to prepare NiO/Al nanothermite with improved performances.
3DOM materials, hierarchically interconnected structures in three dimensions with extremely uniform pores [24] , can act as a suitable carrier in composite materials. The highly porous structures and largely accessible surfaces [25] could ensure sufficient contact between the components of thermite. In our previous work, the Fe2O3/Al nanothermite films based on 3DOM Fe2O3 skeleton have successfully demonstrated this strategy for improving the thermites performance [26, 27] . The excellent 3DOM structure greatly enhances interfacial contact and mixing uniformity between fuel and oxidizer, which is leading to enhance the energy output.
In this study, a core/shell 3DOM NiO/Al nanothermite film is formed on 3DOM
NiO skeleton prepared by CCT method with nano Al loaded using magnetron sputtering. To study the effect of molar ratio Al/NiO on the morphology and heat release, the 3DOM NiO/Al nanothermites are designed with three different deposition times. After the investigation on the thermo-chemical properties of the obtained samples, it is found that the maximum heat output of the optimized nanothermite film is 2461. with an average size of 50 nm were supplied by Aladdin Industrial Corporation.
Microslides (Nantong Fold Thai Experimental Instrumental Co. Ltd) were used as substrates.
Preparation of colloidal crystal template
Highly monodispersed polystyrene (PS) microspheres were synthesized via an emulsifier-free emulsion polymerization according to the previously reported method [26, 28, 29] . Polymerization of the styrene monomer was carried out in a four-necked After the suspension dried up, PS CCT was then obtained.
Preparation of 3DOM NiO
The PS CCT was used to form 3DOM NiO skeleton. The removal of PS microspheres and the formation of 3DOM NiO skeleton were simultaneously accomplished during calcination.
Preparation of 3DOM NiO/Al nanothermite
A layer of Al film was deposited over the internal surface of 3DOM NiO skeleton by magnetron sputtering to realize 3DOM NiO/Al nanothermite film. Ultrahigh purity
Ar with a flow of 30 sccm acted as effective gas to bombard the Al target. In the process of deposition, the vacuum of the working chamber was maintained at 5×10 
Characterization of samples
The crystal structures of obtained materials were analyzed by a Bruker D8 Advance XRD using Cu Kα radiation and nickel filter (λ=0.15406 nm). The morphologies of all the samples were characterized using a Hitachi S-4800 field emission scanning electron microscopy (FE-SEM). Simultaneously, energy dispersive X-ray spectrum (EDS) was used to explore the molar ratio of Al to NiO at different deposition times.
The Brunauer-Emmett-Teller (BET) surface area of samples was measured by physisorption of N2 at 77 K using a Quantachrome Autosorb-IQ gas adsorption the incident laser energy were 1064 nm, 100 ns and 167 mJ, respectively. The whole ignition progress was monitored and recorded using a high-speed camera (Redlake Motion Xtra HG-100K) running at 5000 frames per second.
Results and discussion

Phase characterizations
The crystal structure and phase composition of the 3DOM NiO and 3DOM NiO/Al nanothermite film are investigated using XRD measurement. In Fig. 1(a 
Morphology characterizations
The morphologies of the PS CCT and the 3DOM NiO skeleton are examined by FE-SEM. In Fig. 2(a) , the PS microspheres with the average diameter of 280 nm are arranged on the surface to form ordered close-packed arrays. Each PS microsphere is 9 surrounded by six others in hexagonal symmetry with the structure of face-centered cubic lattice [31] , which is considered to be the most stable arrangement in thermodynamics [32] . The high-quality PS CCT is crucial for the further preparation of 3DOM NiO skeleton. The interstices between PS microspheres provide a favorable condition for the penetration of precursor via capillary effect. Fig. 2(b) respectively. It is observed that the PS CCT has 10 layers, and the thickness is about 2.3 μm. In contrast, the thickness of 3DOM NiO skeleton is reduced to 1.9 μm after the PS microspheres are removed, which resulted from the incomplete filling of the precursor and the deformation of the PS CCT during the high-temperature calcination.
Our previous study revealed that magnetron sputtering offers controllable coverage 10 density of Al through adjusting deposition time [34] . Fig. 3 shows the SEM images of 3DOM NiO/Al nanothermite film formed at different deposition times. With the deposition time increasing, Al shell gets thicker and the pore diameter gets smaller. In comparison with SEM image of NiO skeleton, Fig. 2(b) , NiO/Al nanothermite film at deposition time of 10 min in Fig. 3(a) reveals that the thickness of coated Al is about 80 nm. Fig. 3(b) shows that the pores of NiO skeleton are nearly sealed at deposition time of 20 min. When the deposition time is sequentially increased to 30 min, the pores are completely filled with Al and there is little excess Al on the surface. All the three top view images of 3DOM NiO/Al nanothermite film indicate that Al shell has been coated on NiO skeleton tightly and uniformly, which greatly reinforces the interfacial contact and improves the reactivity. Table 1 . Obviously, the molar ratio of Al to NiO increases with the deposition time increase. It's worth noting that the stoichiometry for complete reaction of Al to NiO is 0.67, so Al is already in excess with the deposition time of 20 min. Fig. 4(d) shows the corresponding EDS mapping of 3DOM NiO/Al film at deposition time of 30 min, from which one can see that Al has been coated on NiO uniformly.
Elemental characterizations
Thermal analysis
The thermite reaction of the NiO/Al system at the stoichiometric ratio is shown as 2Al + 3NiO →Al2O3 + 3Ni ∆ Hr = 3.44 kJ·g
The heat release of the 3DOM NiO/Al nanothermite film at different deposition times 
Laser ignition
The ignition performance of 3DOM NiO/Al nanothermite film at deposition time of 14 20 min, is investigated via a Nd:YAG laser device and a HG-100K high speed camera. 
Conclusions
The 3DOM NiO/Al nanothermite film with uniform structure and homogeneous dispersity has been successfully synthesized using PS CCT method combined with 
